Abstract Electrodeposition of tin from acidic gluconate baths (chloride, chloride-sulfate) was investigated. Equilibrium distribution of tin(II) species in both solutions was calculated. Cyclic voltammetric, potentiostatic, and galvanostatic measurements showed that cathodic process can run under limiting current due to the presence of tin complex electroactive species. Average effective diffusion coefficients of metal species were determined. Nucleation of tin occurred through a progressive three-dimensional diffusion growth model. A characteristic of tin deposits was also presented.
Introduction
Tin is one of the metals most often used in the commercial electroplating. It is mainly due to its high corrosion resistance, nontoxicity, and good soldering properties. Such features determine relatively wide application area of the electrodeposited tin as tinplates for food industry (containers and packages), protective coatings for copper in electrotechnical industry, layers improving surface solderability of majority of metals, coatings protecting from the corrosion in aggressive atmosphere, or in manufacturing of printed circuit boards and electronic components [1, 2] .
Various baths are used for obtaining uniform tin electrodeposits with required quality and morphology. These are acidic tin(II) and alkaline tin(IV) solutions [1, 2] . Nonaggressive alkaline baths work at higher temperatures (60-98°C) and show good throwing power, although are troublesome in operation, since traces of Sn(II) ions in the electrolyte decrease quality of the cathodic deposits resulting in formation of spongy tin layers. Alkaline electrolytes are usually stannate solutions, but pyrophosphate and polyphosphate baths were also developed. In turn, acidic stannous baths work at ambient temperatures and are easy to control; however, they must contain Sn(II) ions and organic additives in a proper quantitative ratio. The latter can improve adherence and smoothness of the matt tin layers or enable deposition of bright coatings. Generally, acidic tin baths are sulfate, fluoroborate, or alkanesulfonate electrolytes, while halide solutions are used in a lesser extent.
Composition of the bath affects the mechanism of metal ions reduction. It is commonly accepted that in acidic simple salt systems (sulfate, chloride), Sn 2+ ions are the most important species in the charge transfer step, while in strong alkaline baths Sn(OH) 6 2− ions participate in the cathodic reaction [2] . Chemistry of the process is more complicated in the electrolytes containing complexing agents [3] [4] [5] [6] .
Early stages of tin electrodeposition on various substrates using electrolytes of different compositions were also presented in the literature [7] [8] [9] [10] [11] [12] [13] . Nucleation models were derived from both chronoamperometric current transients and microscopic (AFM or scanning electron microscopy (SEM)) observations. In the main, tin electrocrystallization in acidic sulfate [7] or tartrate solutions [10] is in agreement with theoretical instantaneous nucleation model followed by three-dimensional (3D) diffusion growth mechanism, but it can change to progressive 3D growth in some conditions [8] . The latter model was also observed in a chloride-citrate system [12] and a hydrophobic room-temperature ionic liquid [13] . Proceeding of the initial stages of tin electrodeposition via instantaneous or progressive nucleation with 2D growth control was reported for sulfate-gluconate baths [11] .
Gluconate solutions represent relatively new type of the electrolytes for tin [6, 11] and tin alloys deposition [14] [15] [16] [17] [18] . Sodium gluconate is a cheap and environmentally safe additive, which can form soluble complexes with a variety of metal ions in both slightly acidic and alkaline baths. Experiments on tin plating from acidic sulfate-gluconate baths [6, 11] showed that uniform and brilliant deposits can be obtained, while to date no data on the applicability of chloride containing stannous-gluconate baths have been presented. Hence, the aim of this work was to determine the effect of the bath composition on tin electrodeposition from chloride-gluconate and chloride-sulfate-gluconate electrolytes. This paper reports comparative studies of the solutions, since the nature of the electrolyte and presence of various anions (chloride or sulfate) can seriously affect the nucleation stage, morphology, and structure of the deposits, which in turn determine properties of the coatings.
Experimental
Investigations of tin electrodeposition were carried out from the baths containing: 0.1 M tin(II) chloride SnCl 2 , 0.5 M ammonium salt (chloride or sulfate), 0.5 M boric acid H 3 BO 3 , and 0.2 M sodium gluconate C 6 H 11 O 7 Na. Blank solutions were prepared using ammonium chloride instead of stannous salt of the same concentration (0.1 M). pH of the baths was 3.50±0.05. Reagents of analytical purity were used.
Electrochemical measurements were carried out in a three-electrode cell using a glassy carbon working electrode (0.2 cm 2 ), a platinum plate (2 cm 2 ) as a counter electrode, and an Ag/AgCl electrode as a reference electrode (all potentials in the further text are referred to this electrode). Potentiostatic tin deposition (30 min) was performed in the same system, but α-brass (10 wt.% Zn) plates (0.8 cm 2 ) as cathode substrates were used. Before each experiment, the glassy carbon electrode with a mirror finish was chemically cleaned, while brass sheets were chemically polished in a mixture of concentrated acids (HNO 3 /H 3 PO 4 /CH 3 COOH with 1:3:1 volume ratio). After deposition, cathodes were dried at 60°C to the constant mass. Solution volume of 25 cm 3 was used in each electrochemical test.
Various electrochemical techniques were used. Cyclic, linear, and stripping voltammograms were registered at potential scan rate of 20 mVs −1 . First cyclic voltammetry (CV)
sweep was always performed from the initial potential of 0.5 V (Ag/AgCl) towards more negative values. Stripping analysis was performed immediately after potentiostatic tin deposition (for 40 s) at fixed potential without removing the working electrode from the solution. Anodic stripping curves were registered from deposition potentials up to 0.5 V. Nucleation of tin was investigated using chronoamperometry realized at various constant potentials. Galvanostatic method was also used for electrodeposition studies. Autolab potentiostat/galvanostat (PGSTAT30) controlled by a microcomputer was applied in all measurements. All experiments were performed at room temperature. No bath agitation was used.
Morphology of the layers was examined using both optical (Nikon) and scanning electron (Hitachi) microscopes. Chemical composition of the deposits was determined by scanning electron microscopy/energy dispersive spectroscopy (SEM-EDS) analyzer. Structure of the deposits was analyzed by Xray diffractometry (Rikagu diffractometer, Cu Kα radiation).
Results and discussion

Distribution of tin(II) species
Metal ions are present in solutions in various forms, i.e., free ions, neutral, and/or charged complexes. Specific distribution of the individual species depends mainly on the total concentration of ions, type and concentration of other compounds added to the bath, pH, and temperature. In aqueous solutions, tin(II) can appear as free Sn 2+ ions and soluble complexes with formulas dependent on the salt type and solution pH [19] . Precipitation of sparingly soluble tin(II) hydroxide is also observed.
In this research work, gluconate solutions containing SnCl 2 and NH 4 Cl or (NH 4 ) 2 SO 4 were used; hence, species listed in Table 1 were taken into account over the pH range from 2.0 to 5.0. Despite that ammonium salts were present in the electrolytes, tin(II)-ammonia complexes were not considered, since they do not form even in the excess of aqueous ammonia [23] .
From the mass balance of stannous, chloride, sulfate, and gluconate (Glu − ) ions, a series of general polynomial equations was derived:
Using equilibrium quotients assigned to the reactions presented in Table 1 , the equations were solved at given total concentrations of the components and pH. Calculations were performed using HySS2009 software (Hyperquad Simulation and Speciation 2009 Protonic Software). Figure 1 shows that specific composition of the baths is quite complicated. At pH3.5, SnGlu 2 complex represents 57.8 and 66.6 % of total amount of tin(II) ions in the chloride and chloride-sulfate solutions, respectively. It is consistent with Survila et al. data [6] , who found that such species is a major form of Sn(II) in tin-sulfate-gluconate system in the pH range of 3-5. Two chloride complexes, SnCl 2 (13.7 %) and SnCl 3 − (12.0 %) as well as SnGlu + ions (8.6 %), show relatively considerable percentages in the chloride bath, while in the chloride-sulfate electrolyte solely SnGlu + (14.4 %) and two tin-sulfate complexes (both in approximately 5.5 % fractions) may be found in noteworthy amounts. In all cases, various hydroxy-complexes and free metal ions show negligible percentages of total Sn(II) concentration (below 0.1 %). Despite the low solubility product of tin(II) hydroxide, no precipitation of Sn(OH) 2 in gluconate solutions was predicted by the equilibrium speciation.
Potentiodynamic experiments
At the beginning of the studies, the glassy carbon (GC) working electrode was tested in blank solutions, i.e., solutions containing ammonium salts instead of corresponding 
Sn 2þ ½ log β 3 0−17.6
[20]
tin chloride (0.1 M). Results in Fig. 2 show only cathodic currents corresponding to the hydrogen evolution. They appeared below −1.40 and −1.48 V in the chloride and chloride-sulfate blank solutions, respectively. Theoretical calculations indicate that, at pH3.5, hydrogen can evolve at potentials much below the equilibrium value of −0.43 V (vs. Ag/AgCl) due to high cathodic overpotential expected on the GC substrate (up to 2.0 V) that is dependent on the type of the glassy carbon material [24] . All plots show that reduction of hydrogen ions on GC was affected by the presence of different ions in the electrolytes, and sulfate anions shifted the curve towards more negative potentials. It was assumed that ions inhibit cathodic reaction due to their competitive and specific adsorption on the electrode surface. It is also possible that reduction of hydrogen ions disturbs dissociation equilibria in the solutions at the cathode surface. It influences on the continuous course of the reaction; hence, its rate is determined by the release of cations from undissociated HSO 4 − ions or HGlu molecules. In turn, chloride ions do not form protonated species and similar effect was not observed. Cyclic voltammograms registered in stannous solutions were started from 0.5 V, and then, potential was scanned in the negative direction and reversed at various potentials (from −0.6 to −1.8 V). Figure 3 shows exemplary curves determined for the vertex potentials of −1.0 and −1.4 V. Electrodeposition of metal on the glassy carbon electrode started at potentials of about −0.70±0.04 V, which were much more positive than the values for hydrogen ion reduction in the blank solutions. Course of the curves typical for electrodeposition process was visible during the reverse scan (Fig.3a) . Characteristic crossover between the branches for the negative and positive sweeps is associated with the nucleation overpotential, since the potential of tin deposition on tin itself is more positive than for the metal deposition on a foreign substrate [25] . The crossover potentials E n were about 0.05 V lower than the potentials of the metal deposition starting and were practically independent on the switch potentials. Second crossover potentials E c (at −0.55 to −0.58 V) on the cyclic voltammograms can correspond to the equilibrium potential, but this was not the case since such values were more negative than the equilibrium potential of the Sn/Sn(II) electrode immersed in the 0.1 M tingluconate solution (i.e., −0.46 V vs. Ag/AgCl).
Tin deposition potentials (peak C1) were not dependent on the bath composition, while the rate of the process was affected by the type of anions in the bath. In the chloride system, enhanced tin deposition was observed, while the presence of sulfate anions inhibited the cathodic process despite of the same total concentration of tin salt. It was confirmed by the area of the single anodic peak (registered Cathodic currents observed at potentials below −1.20 V (C2 in Fig.3b) were ascribed to the hydrogen coevolution. Figure 4 shows anodic peaks representing a part of cyclic voltammograms registered for various vertex potentials. In both solutions, more negative vertex potential was accompanied by the increase in the anodic peak area and shifting of the maxima of the anodic peak towards more positive potentials. In the chloride bath, one broad (−0.55 to −0.18 V) and asymmetrical anodic peak was developed. Sulfate addition changed a little position of single anodic peak towards lower potentials, and less shift of the peak maximum with decreased vertex potential was observed.
Results of anodic stripping obtained for tin deposition at various constant potentials (Fig. 5) were different. Comparison of the anodic stripping curves shows that in the sulfate presence, decrease in the deposition potential was accompanied by the inhibition of the metal deposition (revealed by less amount of dissolved metal), while in the chloride solution analogous behavior changed rapidly for deposition potentials more negative than −1.2 V and sudden increase in the amount of deposited metal was observed. To clarify such behavior, deposition of tin at constant potentials was carried out.
Potentiostatic deposition
Tin was deposited on the brass substrate at some constant potentials. Figure 6a shows the dependence of the cathodic 
where k Sn is electrochemical equivalent of tin.
Obtained results are consistent with the anodic stripping data but are different from the results of the cyclic voltammetry represented by the anodic to cathodic charge ratio (Fig. 6b) . It was also observed that at constant deposition potential, electrodeposition of tin was inhibited by the sulfate ions, while comparable values of Q A /Q C were obtained for both baths. This shows that the current efficiency estimated upon voltammetric data [4] cannot be used as reliable information since scanning of the potential changes rapidly conditions of the plating.
For both baths, shift of the plating potential towards more negative values initially decreased efficiency of the process (Fig. 6a) due to the increased hydrogen component of the cathodic current. At the most negative potentials, mass of the deposit produced from the chloride bath increased again. In turn, the decreasing tendency of Q A /Q C with the change of the vertex potential was not altered (Fig. 6b) . It may apparently show that tin mass gains for the plating potentials below −1.20 V resulted from the secondary processes occurring in the system caused, for example, by the gas evolution at the cathode surface. Figure 7 shows the amount of the deposited metal as a function of the plating conditions. The results are consistent with the data presented in Fig. 6a . However, they show in fact that more negative potentials do not correspond with higher amounts of deposited metal as it could be concluded from CV curves (Fig. 4) , and practically, the same mass of tin in the individual baths was obtained for the relatively wide range of the potentials (from −0.7 V up to −1.2 V for chloride-sulfate bath and up to −1.1 V for chloride bath). It (Fig. 1) .
Morphology of the deposits was observed under both optical and scanning electron microscopes. Some photographs of tin surface are presented in Figs. 8 and 9 . Generally, dense tin layers visible at low magnifications consisted of separate grains with the shape dependent on the applied potential and bath composition. It was found that decrease in the plating potential was accompanied by the change of tin grains from polyhedral to flaky. Simultaneously, sulfate ions favored formation of more fine-grained deposits.
Increased mass of the deposit observed in the chloridegluconate system at the most negative potentials seemed to be related to formation of secondary products resulting from the hydrogen evolution and, thus, alkalization of the solution at the cathode surface [26] . However, no oxygen in such deposits was detected during SEM-EDS analysis. Inorganic tin compounds were also not found during XRD investigations.
Higher amounts of the obtained deposits were accompanied by the worsening of the quality of tin layers. Porous or spongy deposits were produced at potentials below −1.2 V, whereas at higher potentials matt and dense coatings were obtained. It was not observed in the sulfate containing bath due to inhibiting effect of SO 4 2− anions and/or better buffering action of such solution (equilibria presented in Table 1 and in Fig. 1 ). It is worth to note that in the chloridegluconate bath and at low potentials (below −1.2 V), tin showed tendency to formation long dendritic grains inside the spongy deposits (results not shown). Intensive growth of the grains towards bulk solution can enhance deposition of the metal due to serious development of the cathode surface available for the reduction of Sn 2+ cations. It corresponds to the increased mass of the deposits. In turn, sulfate ions adsorbing on the electrode inhibit dendritic growth of tin and the plating occurs under stable conditions. Figure 10 shows diffraction patterns of the coatings obtained in various conditions. Single-phase tin deposits with tetragonal structure were obtained. It is consistent with the thermodynamical data [23], since β-Sn is a stable phase at temperatures above 13°C. Decrease in the deposition potential was accompanied by the development of some characteristic planes of tin crystal structure, which were not detected in the metal layers produced at −0.7 V, despite the comparable masses of tin coatings. It is consistent with the SEM observations of the deposits. No effect of the bath composition on the type of the crystallographic structure of tin was found.
Nucleation stage
The initial stage of tin deposition on the glassy carbon electrode was studied by means of potentiostatic step technique realized from the initial potential of 0 V at which no reduction of tin species or any other electrode reaction can occur (Fig. 3) . Figure 11 (left side) shows parts of the current transients recorded at various deposition potentials (−0.7 to −1.2 V) for 40 s. The curves registered in the potential range up to −1.0 V show a gradual increase in the cathodic current up to a maximum for all potentials (at shorter times for more negative potentials) with their final part falling to the plateau. The course of such i-t transients is typical for the response of a 3D nucleation and growth process occurring under the mass transfer control [27] . At very short times, sudden decrease in the current Further rise of the current in the i-t plots corresponds to the increase in the electroactive area due to the growth of the individually isolated metal nuclei and/or the increase of the number of nuclei. At this step, transport of tin species to the growing centers occurs through hemispherical diffusion zones formed around each isolated nucleus. Radii of the hemispherical zones increase with time, and the diffusion zones start to overlap forming finally a planar diffusion layer. The maximum of the cathodic current is related to the maximal electroactive area, i.e., the moment at which hemispherical metal nuclei are on the point of the collision. The current then falls, and the transients are characterized by the Cottrell equation [25] , since the electrochemical reaction run under linear diffusion. At potentials of −1.0 V or more negative, maxima were not observed in the current-time transients and reduction of Sn(II) ions occurred at the diffusion controlled rate. For longer times, transients overlapped and then plateau corresponding to the effect of natural convection was observed.
For a planar electrode, the Cottrell equation:
shows that cathodic current density i is a linear function of t −1/2 . The plot should pass through the origin, and the diffusion coefficient D of the reduced species can be found from the slope of the straight lines [25] . Data presented in the insets in Fig. 11 show that such dependencies can be obtained for the falling parts of the transients registered at the potentials −1.0 V or higher, while at more negative potentials linear functions were accompanied by various residual cathodic currents and similar slope values for different plating potentials. The latter can be ascribed to the course of the parallel reaction of the hydrogen evolution at this potential range. Applying above tests for the diffusion control of metal deposition, average diffusion coefficients of tin(II) ions were calculated. Obtained values were (7.55± 0.01)·10 −6 cm 2 s −1 and (1.15±0.02)·10 −6 cm 2 s −1 for chloride-gluconate and chloride-sulfate-gluconate baths, respectively. These seem to be reasonable when compared with the data presented in the literature [23] for the metallic ions in aqueous solutions at the room temperature. Diffusion coefficients determined in this study are comparable to that obtained for tin ions in sulfate [8] , sulfate-gluconate [6] , sulfate-tartrate [10] , and chloride-citrate [12] solutions. However, it should be noted that speciation of the baths is rather complicated (Fig. 1) ; hence, resulting diffusion coefficients cannot correspond strictly to the diffusion coefficients of free Sn 2+ ions. Therefore, it was accepted that obtained values (calculated for total Sn 2+ concentrations) are rather effective diffusion coefficients, i.e., average diffusion coefficients of various tin species with consideration for their molar parts in the solutions [6] .
Theory of the potentiostatic current transients for 3D multiple nucleation of tin with diffusion controlled growth was discussed by various authors [7, 8, 10, 11] . brass substrate
CuZn (111) CuZn (200) CuZn (220) CuZn (311) Sn (200) Sn (101) Sn (220) Sn (211) Sn (301) Sn (112) Sn (400) Sn (321) Sn (420) Sn (411) Sn ( Mathematical model for instantaneous and progressive nucleation developed by Sharifker and Hills [28] has been often used to analyze the current transients of metals deposition [10, 29] . A classification of the nucleation type is possible by comparison of the experimental results with theoretical curves plotted in a dimensionless form. In the case of instantaneous nucleation, all nuclei are generated simultaneously and they grow further with the same rate. Under these conditions, the following diagnostic equation is satisfied [28] :
During progressive nucleation, the nuclei are formed constantly and they grow to different sizes and/or at different rates; hence, in this case, corresponding expression is as follows:
Figure 11 (right side) shows a comparison of nondimensional plots for instantaneous and progressive nucleation models with the experimental data. At t/t max <1, the transients showed a behavior closely related to the progressive nucleation, while at t/t max > 1 a deviation from the predicted curves appeared and all experimental curves were located between both theoretical ones. It is supposed that deviation of the experimental curves from the model can result from the additional step affecting the kinetics of the Fig . 11 Potentiostatic current-time transients and analysis of the chronoamperometric curves for tin deposition (GC electrode) in various baths: a chloride-gluconate, b chloride-sulfate-gluconate metal deposition, i.e., release of tin ions from the complex species in the baths, which can appear with the plating time.
Comparison of the literature data [12] and the results of this study shows that chloride ions enable progressive nucleation of tin, while in the sulfate system instantaneous nucleation mode can be observed [7, 10] .
Current step method
Electrodeposition of tin was studied also in galvanostatic experiments. Figure 12 shows cathodic polarization curves registered in both solutions. It may suggest that mass transfer is a rate determining step of tin deposition. However, in the complex baths, characteristic limiting current can be also associated with the release of the electroactive metal ions from the complexes as a rate determining step. This is in accordance with the voltammetric and potentiostatic data obtained in the previous experiments. Measurements in the galvanostatic mode are relatively seldom used for the investigations of the metal deposition [8, 12, 30] . In this type of experiment, the current flowing in the cell is instantaneously stepped from zero to some fixed value and the potential of the working electrode is monitored as a function of time [25] . Figure 13 shows chronopotentiometric curves registered for the chloride and chloride-sulfate solutions of the same Sn(II) total concentration. As the current pulse was applied, there was an initial fairly sharp decrease in the potential due to charging of the double layer, and then a potential, at which reduction occurs on the cathode, was reached. There was then slow decrease in the potential until concentration of tin species at the electrode surface may eventually reach zero. It was visible especially for low current densities accompanied by the reduction of tin ions. At higher current densities, a sharp drop of the potential corresponded to the reduction of hydrogen ions as a main cathodic reaction running at potentials below −1.4 V, since the flux of Sn(II) ions to the working surface by natural convection was no longer sufficient to maintain the applied current.
Jump of the electrode potential caused by the depletion of the solution at the electrode surface with the electroactive metal ions is associated with so-called transition time τ d given by the Sand equation [25] :
Transition time can be determined from the plot, but it should be noted that double layer charging effects can disturb the precise determination of the time period. At fixed total concentration of tin ions, the product of i . τ d 1/2 should be constant for all current densities applied. It was realized for current densities up to 2 Adm −2 and the obtained average values were 0.76±0.07 and 0.34±0.01 As 1/2 dm −2 for chloride-gluconate and chloride-sulfate-gluconate solutions, respectively. Hence, these were constants as expected for diffusion-controlled process. Linear dependencies of the cathodic current density on τ d −1/2 allowed to determine the average effective diffusion coefficients from the slopes of the straight lines (Fig. 14) . The obtained values were 0.7·10 −6 and 3.0·10 −6 cm 2 s −1 for Sn-Cl-Glu and Sn-Cl-S-Glu systems, respectively. These were close to that determined in former experiments mainly for chloride-sulfate bath. Electrodeposition of tin from chloride-gluconate solutions was studied more detailed, and the obtained results will be described in the next paper.
Conclusions
Electrodeposition of tin from acidic baths of various compositions was investigated. Distribution of tin(II) species in chloride-gluconate and chloride-sulfate-gluconate solutions was presented. Cyclic voltammetric, potentiostatic, and galvanostatic measurements showed that the cathodic process can run under limiting current determined probably by the release of the electroactive tin species from the complexes. Simultaneously, the presence of sulfate ions inhibited cathodic process and affected the morphology of tin deposits. Anodic response was found as dependent on the bath composition and experimental conditions. Chronoamperometric studies suggested nucleation of tin according to the progressive mechanism. Experimental methods used in this study allowed to estimate effective diffusion coefficients of tin(II) species.
